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Abstract: Circular RNAs, a special class of non-coding RNA with closed circular structure, have been increasingly
proven to be involved in the progression of various tumors. However, the biological functions of circular RNAs in
epithelial ovarian cancer (EOC) tissues remain a mystery. In this study, we detected the function of circEEF2 (has-
circ-0048559) in EOC tissues. Firstly, the basic characteristics including closed circular structure and spliced ma-
ture sequence length of circEEF2 were confirmed. The location and expression in EOC tissues was detected by
fluorescence in situ hybridization (FISH). The regulatory effect of circEEF2 on autophagy, proliferation, and invasion
were investigated in SKOV3 and A2780 cells. The relationship between circEEF2 and mir-6881-3p was confirmed
using dual-luciferase reporter gene assay. The binding of circEEF2 with ANXA2 was confirmed using RNA-pulldown
assay and MALDI-TOF-MS. We found that the expression level of circEEF2 was higher in EOC tissue than in normal
tissue. CircEEF2 promoted autophagy, proliferation, and invasion. CircEEF2-regulated EOC proliferation and invasion
are closely related to the occurrence of autophagy. Mechanistically, circEEF2 harbor miR-6881-3p to upregulate
the latter’s targets ATG5 and ATG7. Moreover, circEEF2 could directly bind with ANXA2 to inhibit the expression of
p-mTOR. In conclusion, findings of the current study illustrate that circEEF2 promoted autophagy, proliferation, and
invasion of EOC by interacting with miR-6881-3p and ANXA2.
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Introduction

Epithelial ovarian cancer (EOC) is the most
lethal malighant disease of female reproduc-
tive system [1]. In most patients, EOC is initially
diagnosed at an advanced stage with evidence
of abdominal dissemination of the disease. The
standard therapeutic strategy involves surgical
debulking combined with adjuvant chemother-
apy [2]; however, at least 75% of patients will
develop recurrent tumors [3]. Furthermore, the
molecular etiology of EOC remains unknown
[41.

Autophagy is a lysosome-dependent degrada-
tion process that maintains cellular homeosta-
sis by sequestering cytosolic components for
degradation [5, 6]. It plays an important role in
physiological processes such as growth, cell
death, and aging, but its role in resistance
against tumors remains controversial [7-9].

Autophagy commonly serves as a survival path-
way that defends cells against stressors and
enables them to overcome harsh conditions;
these properties may contribute to tumor resis-
tance and consequently to the development of
anti-angiogenic therapy. However, it can be
cytotoxic when the damage is critical [10, 11].

Circular RNAs (circRNAs) are formed from exons
or introns through back-splicing and are charac-
terized by covalently closed loop structures with
high stability and resistance against RNA deg-
radation [12, 13]. Accumulating evidence sug-
gests that circRNAs play a role in various physi-
ological functions by modulating alternative
splicing, sponging microRNA, and regulating
protein-RNA interactions and genes expression
[14-16]. CircNRIP1 is a highly expressed cir-
cRNA in gastric cancer. Reportedly, silencing of
CircNRIP1 inhibited its interaction with micro-
RNA-149-5p and inhibited the progression of
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gastric cancer via the AKT1/mTOR pathway
[17]. Furthermore, overexpression of circRNA-3
(BCRC-3) was found to inhibit the proliferation
of bladder cancer cells through sponging of
miR-182-5p, which mediates the release of the
inhibited P27 [18]. CircMUC16 was found to
exacerbate EOC invasion and metastasis via
interaction with ATG13 and miR-199a [19].
Interestingly, high expression levels of circCEL-
SR1 contribute to paclitaxel resistance and pro-
gression of ovarian cancer. CircCELSR1 was
found to act as a sponge by directly interacting
with miR-1252, which further regulates FOXR2
expression [20]. According to a previous report,
overexpression of circVPS13C in ovarian can-
cer cell lines is associated with tumor node and
lymph node metastasis stage and promotes
cell proliferation and invasion [21]. Furthermore,
expression levels of circLARP4 are low in
patients with ovarian cancer; therefore, this cir-
cRNA may serve as a potential biomarker of
ovarian cancer prognosis [22].

Several circRNAs have been identified to be
involved in the pathogenesis of EOC, but the
underlying mechanisms need to be studied fur-
ther. By conducting the RNA-seq analysis of
autophagy model, we found that the expression
of circEEF2 (hsa_circ_0048559) was signifi-
cantly upregulated. Subsequently, we explored
the effect of circEEF2 on autophagy, prolifera-
tion, and invasion in EOC and the potential
mechanism involved.

Material and methods
Cell culture and transfection

Human ovarian cancer cell lines A2780 and
SKOV3 were cultured in RPMI 1640 medium
(Sigma-Aldrich, R8758) with 10% fetal bovine
serum and 1% penicillin-streptomycin solution
(Beyotime, €C0222) in a 5% CO, incubator at
37°C. The following siRNA was used for silenc-
ing the target genes of human circEEF2, ATG5,
and ATG7: CircEEF2-1: 5’-CCCCAUCAAGGCUG-
UGAUGTT-3’; CircEEF2-2: 5-CAUCAAGGCUGU-
GAUGCGCTT-3’; ATG7: 5-CAGUGGAUCUAAAU-
CUCAAACUGAU-3’; ATG5: 5-CAAUCCCAUCCAG-
AGUUGCUUGUGA-3'. The following was used
as a negative control (NC): 5-UUCUUCGAAGG-
UGUCACGUTT-3'. Lentiviral vectors expressing
shCircEEF2 or NC (circEEF2-LV2-1 and circEEF2-
LV2-2 or circEEF2-LV2-NC) and that overex-
pressing circEEF2 or NC (circEEF2-LV6 or cir-
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CEEF2-LV6-NC) were constructed by Gene-
pharma (Shanghai China). The following is the
sequence of miR-6881-3p mimics (Genephar-
ma, Shanghai China): 5’-AUCCUCUUUCGUCCU-
UCCCACU-3'. Transfection reagent of siRNA
mate plus was purchased from Genepharm,
and the corresponding procedures were per-
formed according to the manufacturer’s
instructions.

Cell proliferation assay

Cell proliferation was detected by using the
Cell-Light™ EdU imaging detection kit (Ruibo
Biotechnology, Guangzhou, China). In accor-
dance with the manufacturer’s instructions,
ovarian cancer cells were seeded in 24-well
plates. Subsequently, cells were incubated with
50 uM reagent A for 4 h, rinsed thrice with PBS,
and fixed with 4% paraformaldehyde for 30
min. After a gentle rinse, cells were stained with
Apollo 567 and Hoechst 33342 and photo-
graphed using a fluorescence microscope.

Invasion assays

Invasive abilities of SKOV3 and A2780 cells
were detected using the invasion assay, which
was conducted with transwell chambers
(Corning, Inc., Lowell, MA, USA) containing a
polycarbonate filter with an 8 pym pore size.
Briefly, 500 ul complete medium was added to
the 24-well plates outside the chamber. An
equivalent of 5 x 10* cells was inoculated in
the chamber and incubated with 200 pl basic
medium at 37°C in 5% CO,. After 48 h of incu-
bation, the invasive cells on the opposite side
of the filter were mildly rinsed with PBS, fixed
with 4% paraformaldehyde, and stained with
0.5% crystal violet (Beyotime Institute of
Biotechnology, C0121). After a complete rinse
with PBS, the cells were photographed using
the microscope.

Quantitative PCR assay

RNA was isolated from SKOV3 and A2780 cells
using a Total RNA Rapid Extraction Kit (Bioteke
Corporation, RP1201) in accordance with the
manufacturer’s instructions. Subsequently, the
isolated RNA samples were quantified and
used for synthesizing cDNA with circRNA fluo-
rescence quantitative detection kit (Geneseed,
GS0201, Guangzhou, China). The primers used
in the study were synthesized by Sangon bio-
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tech (Shanghai China). The primer sequences
of circEEF2 are as follows: forward: 5-ACCC-
CATGGTGCAGTGCATC-3’ and reverse: 5'-AATGC-
CCATGGCAGCCTCGT-3'. The gene expression
was quantified using the 22T method.

Dual-luciferase reporter gene assay

SKOV3 cells were seeded into 24-well plates.
Firstly, 100 nM miR-6881-3p or the control was
transfected into cells and incubated for 24 h.
Subsequently, 0.8 ug of corresponding vectors
(ATG5-wt or mut, ATG7-wt or mut and CircEEF2-
wt or mut) containing firefly luciferase and 1 ug
renilla plasmid were co-transfected into SKOV3
cells transfected with miR-6881-3p or the con-
trol. After incubation for another 24 h, the rela-
tive luciferase activity was calculated by using
the Dual-Luciferase Reporter Assay System
(Promega Corporation, E1910) in accordance
with the manufacturer’s instruction. The Lipo-
fectamine 2000 reagent (Invitrogen, Carlsbad,
CA, USA) was used for transfection. The corre-
sponding vectors were constructed by Gene-
pharma (Shanghai China).

Western blotting (WB)

Total protein was isolated from cells using
RIPA (Beyotime, POO013B)-containing PMSF
(Beyotime, ST506). The extracted protein was
separated using 10-15% SDS PAGE gel, trans-
ferred to a PVDF membrane, blocked with
5% milk, and incubated with the primary anti-
bodies overnight at 4°C. After incubation with
secondary antibody, proteins can be visualized
using ECL Luminescent Solution. The primary
antibodies included rabbit anti-ATG5 (CST,
#12994), anti-ATG7 (CST, #8558), anti-ANXA2
(Abcam, ab41803), anti- p-mTOR (Abcam,
ab109268), anti-P62 (CST, #5114), and anti-
mTOR (Abcam, ab134903). Mouse anti-GAPDH
(Proteintech, 1E6D9) was used as a normalized
control.

RNA pulldown assay and matrix-assisted laser
desorption/ionization time of flight mass spec-
trometry (MALDI-TOF-MS)

The proteins that were directly bound to cir-
CEEF2 were detected using the RNA pulldown
assay, which was performed using Pierce™
Magnetic RNA-Protein Pull-Down Kit (Thermo
Fisher, 20164) according to the manufac-
turer’s instruction. The biotin-labeled probe for
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circEEF2 was purchased from Genepharma
(Shanghai China). The pulled down protein was
subjected to SDS-PAGE gel electrophoresis and
silver staining (Fast Silver Stain Kit, Beyotime,
P0O017S). Subsequently, the differential bands
were subjected to MALDI-TOF-MS to identify
the specific proteins. mRFP-GFP-LC3 fluores-
cence monitor autophagy flux.

The autophagy double label system was intro-
duced to track the autophagy flux. SKOV3 cells
were stably infected with the lentiviral vectors
expressing mRFP-GFP-LC3, shCircEEF2, or NC
(circEEF2-LV2-1, circEEF2-LV2-2, or circEEF2-
LV2-NC) while A2780 cells were stably infected
with the lentiviral vectors expressing mRFP-
GFP-LC3, circEEF2-LV6, or circEEF2-LV6-NC.
LC3 dots were photographed using a confocal
microscope and counted using image pro plus
6.0 software.

Fluorescence in situ hybridization (FISH) assay

Probes labeled with Cy3 and FAM for the detec-
tion of CircEEF2 and miR-6881-5p, respective-
ly, were synthesized by Genepharma. Nuclei
were stained with Hoechst 33342. FISH assay
was performed according to the manufactur-
er's instructions (FO3401, Genepharma).
Finally, a confocal microscope was used for
photographing.

In vivo tumor xenograft study

The animal experiments were approved by
the Committee on the Use and Care on Animals
(Chongging Medical University, Chongging,
China) and conducted according to the institu-
tional guidelines. The in vivo tumor proliferation
effects were detected in 5 groups. Four-week-
old BALB/c nude mice were subcutaneously
inoculated with 5 x 10° (100 pL) SKOV3 cells
stably infected with circ-EEF2-LV2-1/NC or 5 x
108 (100 pL) A2780 cells infected with circ-
EEF2-LV6/NC. To detect whether chloroquine
(CQ) could enhance the effect of silencing cir-
cEEF2, 50 mg/kg CQ was intraperitoneally (IP)
injected every day for 3 weeks. The animals
were sacrificed after 4 weeks, and established
tumors were weighed. For the in vivo tumor
metastasis studies, 4-week-old BALB/c nude
mice were IP injected with 5 x 10° (200 ul)
SKOV3 cells stably infected with circ-EEF2-
LV2-1 or NC. The animals were sacrificed after

Am J Cancer Res 2020;10(11):3737-3751



Circ-EEF2 promoted autophagy in EOC

B
cDNA gDNA cDNA
500 O rd @ 4
250
S=on T 100 _ -
500
-u--lIll--IIII----r_-;II'II--IlIl-lllllll---u-. 100
\ A2780 SKOV3
r | .‘ c A2780  SKOV3
I . ‘ ll. v g
,\~f ' ) N Al el L || 1000 -
A WA '\ "{"""“ WY 750 - -
Y _m««._l.z_\)b_ m-mL»-.-J. ..,uu‘..u‘ LV Y LI/ 500

Figure 1. CircEEF2 is upregulated in the EOC tissue. A. Schematic illustration showing the circularization of EEF2
exon 8 to 11 forming circ-0048559 (circEEF2). Sanger sequencing showed the trans-splicing site of circEEF2. B.
Agarose gel electrophoresis showed that circEEF2 could be amplified with the divergent primers and cDNA from
SKOV3 and A2780 cells, but not with gDNA. C. Agarose gel electrophoresis showed that the length of circEEF2 is
702 bp. D. Serous carcinoma (stage llIC). E. Clear cell carcinoma (stage IlIC). F. Mucinous carcinoma (stage IlIB). G.
Serous carcinoma (stage 1IB). H. Clear cell carcinoma (stage IIC). I. Normal ovarian tissue.

5 weeks to weigh the established tumors and Results
to count and dissect the metastases.

CircEEF2 is upregulated in the EOC tissue
Statistical analysis

Based on the RNA-seq analysis of autophagy
All statistical analyses were performed using model, wherein autophagy was induced in
SPSS software, version 17.0 (Chicago, IL, SKOV3 cells by incubation with 10 uM torin1 for
USA). Data were obtained from three inde- 24 h, we found that circEEF2 was significantly
pendent experiments and are presented upregulated. As a novel circRNA, CircEEF2 has
as mean * standard deviation (mean + SD). not been studied previously.
The association between circEEF2 expre-
ssion and clinicopathologic characteristics
was analyzed by chi-squared test. Student’s
t-test was used for comparison between two

CircEEF2 originated from EEF2 pre-mRNA
(exon 8, 9, 10, 11), whose spliced mature
sequence length is 702 bp (Figure 1A, 1C).

groups. Statistical significance was defined as
P < 0.05.
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Using Sanger sequencing technique, the trans-
splicing site of circEEF2 was identified (Figure
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Table 1. Association of circEEF2 expression with clinicopathological characteristics in 69 patients of

EOC

NO. of patients

CircEEF2 Expression

Characteristics - P value
(n=69) Low no. (%) High no. (%)
Age (years) > 0.05
<50 26 11 (42.31%) 16 (57.69%)
>50 43 19 (44.19%) 24 (55.81%)
Normal ovarian 12 8 (66.67%) 4 (33.33%)
Cancer tissues 57 17 (29.82%) 32 (70.18%)
Tumor type <0.05
clear cell carcinoma 8 2 (25.00%) 6 (75.00%)
serous carcinoma 40 11 (27.5%) 29 (72.5%)
mucinous scarcinoma 9 2 (22.22%) 7 (77.78%)
FIGO stage <0.05
I/ 21 13 (61.90%) 8 (38.10%)
/v 36 14 (38.89%) 22 (61.11%)
Grade
1 17 14 (82.35%) 3 (17.65%)
2 18 11 (61.11%) 7 (38.89%)
3 22 9 (40.91%) 13 (59.09%)
Grade 2-3 Versus 1 <0.05

1A). Additionally, circEEF2 could be amplified
using divergent primers and cDNA of SKOV3
and A2780 cells, but not and gDNA (Figure 1B).
Hence, trans-splicing but not genomic rear-
rangements contributed to the head-to-tail
splicing of circEEF2.

The expression of circEEF2 in tissue was exam-
ined using FISH. CircEEF2 was predominantly
localized in the cytoplasm (Figure 1D-l).
According to the tissue type of EOC (clear cell
carcinoma, serous carcinoma, mucinous carci-
noma), we found that circEEF2 was highly
expressed in two-thirds of patients with this
cancer type. Expression levels of CircEEF2
were high in EOC tissues but low in normal
ovarian tissues (P < 0.05; Table 1). The expres-
sion of circEEF2 was higher in stage Ill/IV than
in stage I/1l (P < 0.05). Furthermore, the fluo-
rescence intensity was correlated with the
tumor grade (grades 2-3 vs. 1, P < 0.05).
However, age distribution was not connected
with circEEF2 expression (P > 0.05; Table 1).

CircEEF2 is implicated in autophagy
The basic expression levels of circEEF2 in

EOC cell lines were detected using qg-PCR.
Expression levels of circEEF2 were the highest
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in SKOV3 cells but the lowest in A2780 cells
(Figure 2A). Hence, SKOV3 and A2780 cells
were used for the silencing and overexpression
trials, respectively. The efficiency of ectopic
expression or silencing was verified using
g-PCR as shown in Figure 2B and 2C. Autophagy
but not apoptosis (data not show) was affected
by silencing or ectopic expressing of circEEF2
in ovarian cancer cells. The expression of
LC3-ll decreased in the silencing trials involving
LV2-1- or LV2-2-infected SKOV3 cells and
increased in the ectopic expression trials
involving LV6-infected A2780 cells; expression
levels of P62 increased in the silencing group
and decreased in the ectopic expression group
(Figure 2D). To explore the reason behind the
accumulation of LC3-ll, the autophagosome
formation inhibitor of 3-MA (3-methyladenine)
or autophagosome-lysosome fusion inhibitor
bafilomycin A1 (BafAl) were added to cells.
Finally, 3-MA but not BafA1l reversed the LC3-II
accumulation induced by the ectopic expres-
sion of circEEF2 (Figure 2G). These results indi-
cate that the ectopic expression of circEEF2
interfered with the initiation but not maturation
of autophagy. The effect of circEEF2 on autoph-
agy flux was trucked by mRFP-GFP-LC3 report-
er. The red puncta representing LC3 in-
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Figure 2. CircEEF2 is implicated in autophagy. A. Basic expression of cirEEF2 was detected in EOC cell lines by qPCR.
B. Efficiency of overexpression of circEEF2 in A2780 cells was detected using qPCR. C. Efficiency of silencing of cir-
cEEF2 in SKOV3 cells was detected using qPCR. D. Expression of LC3-Il and P62 was detected by Western blotting
(WB) after the silencing or overexpression of circEEF2. E and F or H and I. Autophagy flux tracked by mRFP-GFP-LC3
fluorescence was analyzed by confocal microscopy after overexpression or silencing of circEEF2. The symbol * rep-
resented P < 0.05. Scale bar: 10 um. G. Expression of LC3-Il was detected by WB after adding autophagy blockers

3-MA or Baf.

creased in A2780-LV6 and decreased in
SKOV3-LV2-1 and SKOV3-LV2-2 (Figure 2E
and 2F, 2H and 2I). These results indicate that
CircEEF2 ectopic expression activated auto-

phagy.

CircEEF2 mediated autophagy promoted cel-
lular proliferation and invasion

The role of autophagy in tumor growth is con-
troversial: it is not clear whether it promotes
or inhibits tumor growth. Thus, the effect of
autophagy induced by the ectopic expression
of circEEF2 on cellular proliferation and inva-
sion were detected. Our data shows that the
proliferation and invasion ability increase when
CircEEF2 is overexpressed in A2780 cells. This
effect could be partly reversed by silencing
ATG5 or ATG7 (Figure 3A and 3B). Hence, cir-
cEEF2 promotes the proliferation and invasion
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in ovarian cancer cells, which were related with
autophagy.

CircEEF2 promoted autophagy by sponging
miR-6881-3p

The differential miRNAs of mir-3147, mir-6721-
5p, mir-6881-3p, and mir-597-3p was predicted
by bioinformatics analysis (Miranda v3.3a).
Ectopic expression of circEEF2 significantly
decreased the expression of miR-6881-3p
(Figure 4A). Bioinformatics prediction (tar-
getscan human 7.2) shows ATG5 and ATG7 as
the potential targets of miR-6881-3p (Figure
4E). The direct interactions among circEEF2,
miR-6881-3p, ATG5, and ATG7 were confirmed
by Dual-luciferase reporter gene assay (Figure
4B-D). Further, FISH assay demonstrated
that circEEF2 and miR-6881-3p were over-
lapped and mainly co-localized in the cyto-

Am J Cancer Res 2020;10(11):3737-3751
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Figure 3. CircEEF2-facilitated cellular proliferation and invasion were related to autophagy. A. Using EdU assay,
proliferation was detected after overexpression of circEEF2 or after silencing ATG7 or ATG5 in A2780. The specific
groups were as follows: A2780-NC, A2780-LV6, A2780-LV6 + siATG5, and A2780-LV6 + siATG7. Original magnifica-
tion, 200 %, Scale bar: 50 pm. B. After silencing ATG5 or ATG7 in A2780 cells and stably overexpressing circEEF2 for
48 h, the invasion assays were performed. The specific groups were as follows: A2780-NC, A2780-LV6, A2780-LV6
+ siATG5, and A2780-LV6 + siATG7. Error bars represent standard error. * represented P < 0.05. Scale bar: 100 ym.

plasm (Figure 4F). The expressions of ATG5
and ATG7 were inhibited after silencing cir-
CEEF2 in SKOV3 cells and increased in A2780
cells after ectopic expression of circEEF2
(Figure 5A). Ectopic expression of miR-6881-3p
decreased the expression of ATG5 and ATG7
(Figure 5D). Ectopic expression of circEEF2
increased LC3-ll abundance, which was
reduced by silencing ATG5 or ATG7 or by the
ectopic expression of miR-6881-3p (Figure 5E).
Consistently, the autophagy fluxs stimulated by
circEEF2 was partially rescued via silencing of
ATG5 or ATG7 or via ectopic expression of miR-
6881-3p (Figure 5B, 5G). Notably, ATG5 and
ATG7 are autophagy markers. Hence, the data
indicated that circEEF2 promoted autophagy by
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sponging miR-6881-3p. We further detected
the effects of overexpression of miR-6881-3p
on cellular proliferation and migration. Ectopic
expression of circEEF2 promoted proliferation
and migration. The effect was partially reversed
by the overexpression of miR-6881-3p and
silencing of ATG5 or ATG7 (Figure 5C, 5F, 5H,
51).

CircEEF2 directly binds to ANXA2

RNA pulldown assay was performed to identify
the proteins the directly bind with circEEF2. The
proteins pulled were separating by using SDS-
PAGE gel electrophoresis. After silver staining,
the differential bands were observed (red box)

Am J Cancer Res 2020;10(11):3737-3751
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SKOV3 cells. Scale bar: 50 uym.

(Figure 6A). Two peptides of ANXA2 named CircEEF2 promoted xenograft tumor growth
QDLAFAYQRR and DALNIETAIK were identified and mediated metastasis in vivo

by using MALDI-TOF-MS, WB assay further

proved that ANXA2 could be pulled down We further examined the role of circEEF2
(Figure 6B, 6C). It indicated that circEEF2 in tumor formation using an animal model.
directly binds to ANXA2. The potential binding CircEEF2-silencing decreased the average
sites between circEEF2 and ANXA2 were pre- weight and volume of tumors. This effect was
dicted by catRAPID (Figure 6F). The A239-290 further amplified by CQ. Conversely, up-regula-
region of ANXA2 directly bound to CirEEF2 tion of circEEF2 increased the average weight

(Figure 6G). A previous study reported that and volume of tumors (Figure 7A, 7C-F). The
ANXA2 regulated autophagy by regulating the expression of ATG5, ATG7, and ANXA2 de-
Akt1-mTOR-ULK1/2 signaling pathway [23]. .creased mlthe.C|rcEEF2—S|IenC|ng group and
Therefore, we speculated that circEEF2 binds increased in F:chEFQ—qverexpressmn group
to ANXA2 and prompts autophagy. Silencing cir- (Figure 7B). Silencing circEEF2 reduced the
CEEF?2 inhibited the expression of ANXA2 and average weight of the metastases (Figure 7G,
promoted that of p-MOR, while ectopic expres- 7H) These data sh-ow. tha’F silencing circEEF2
sion of CircEEF2 promoted the expression of inhibited metastasis in vivo. Based on the

ANXA2 and inhibited that of p-MOR; the expres- 2:[;3;;2%:5:;%3n:l;?gsh:e Siﬁegglgtsg ttr\',‘v"‘;
sion of MTOR was not affected in either of the P phagy

. Fi 6D). Furth th | paths: circEEF2 directly interacted with miR-
scenarios (Figure ). Furthermore, the rela- 6881-3p to increase the expression of ATG5S

tionship between ANXA2 expression and over- and ATGT: circEEF2 binds directly to ANXA2 to
all survival (0OS) of ‘Fhe ovarian gancer patients inhibit the activation of p-mTOR (Figure 7I).
was analyzed by using TCGA online tool (http://

gepia.cancer-pku.cn/). We found that low Discussion

expression levels of ANXA2 mRNA were signifi-

cantly related to OS of patients with ovarian In the present study, the expression of circEEF2
cancer (Figure 6E). was observed to be higher in EOC tissues than
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Figure 5. CircEEF2 promoted autophagy by regulating miR-6881-3p/ATG5/ATG7 axis. A. Expression levels of ATG5
and ATG7 were detected using Western blotting (WB) after overexpression or knockdown of circEEF2 in A2780 or
SKOV3 cells. B and G. Autophagy flux was tracked in the following groups using mRFP-GFP-LC3 fluorescence and
confocal microscopy: A2780-NC, A2780-LV6, A2780-LV6 + miR-6881-3P-mimic-NC, A2780-LV6 + miR-6881-3P-
mimic, A2780-LV6 + siATG5, and A2780-LV6 + siATG7. Error bars represent the standard error. The symbol * repre-
sents P < 0.05. Scale bar: 10 ym. C and H. Cell proliferation was assessed using EdU assay. Original magnification,
200 x, Scale bar: 50 um. D. Expression levels of ATG5 and ATG7 in A2780 cells transfected with miR-6881-3p mimic
or miR-6881-3p mimic-NC were detected using Western blotting (WB). E. Expression level of LC3-ll was detected
using WB in the following groups: A2780-NC, A2780-LV6, A2780-LV6 + miR-6881-3P-mimic-NC, A2780-LV6 + miR-
6881-3P-mimic, A2780-LV6 + siATG5, and A2780-LV6 + siATG7. F and I. Invasion assays were performed after

transfection for 48 h. Error bars represent standard error. * represents P < 0.05. Scale bar: 100 um.

in normal control. The expression of circEEF2
was related to the grade and FIGO stage of
EOC. In addition, the upregulation of circEEF2
facilitated proliferation, invasion, and autopha-
gy in EOC cells. CircEEF2 regulated the expres-
sion of ATG5 or ATG7 by sponging miR-6881-3p.
Furthermore, circEEF2 could directly bind to
ANXA2. Therefore, circEEF2 may serve as a
potential biomarker for EOC.

Autophagy plays a pivotal role in maintaining
the normal functions of proteins and organelles
as well as in energy homeostasis [5, 6]. It
serves an intricate and paradoxical role in
tumors. PTEN and TSC1/2 act as tumor sup-
pressors by promoting autophagy via negative
regulation of the protein kinase mTOR [24-29].
MARCH5 promotes migration, invasion, and
autophagy of EOC [30]. ALKBH5, acts as a
tumor-promoted gene by inhibiting autophagy
via regulation of the ERK/MAPK and PI3K/AKT/
mTOR pathways [31]. In this study, circEEF2
promoted EOC proliferation, migration, and
autophagy. Based on the stimulus and cell sys-
tem, autophagy can act as a pro-survival or
pro-death factor [32, 33]. A previous study
showed that the knockdown of circRACGAP1
sensitizes gastric cancer cells to apatinib
via autophagy inhibition in vitro and in vivo
[34]. Furthermore, down-regulation of OGT in
ovarian cancer cells was found to contribute to
cisplatin resistance by inducing autophagy
[35]. Silencing BRCA2 enhanced autophagy in
EOC cells. Autophagy inhibitor CQ reportedly
further sensitizes cells to the action of CDDP in
BRCA2-silenced cells [36]. In this study, we
found that the inhibition of autophagy by CQ or
silencing of ATG5 or ATG7 could reverse the
pro-survival function of circEEF2 in EOC cells. In
vivo trials combining circEEF2-silencing with CQ
further inhibited the proliferation and migration
of cancer cells.

The roles of circRNAs have been identified in
many cancer types, including EOC. They typi-

3746

cally regulate the target genes by sponging
miRNAs. Circ-SOX4 was found to expedite lung
adenocarcinoma by sponging miR-1270 and
activating the WNT signaling pathway [37]. The
overexpression of circ_LARP4 was found to
suppress the proliferation and migration of
ovarian cancer cells by interacting with miR-
513b-5p to regulate the expression of LARP4
[38]. Reportedly, circPUM1 directly interacts
with miR-615-5p and miR-6753-5p to promote
the development of ovarian cancer [39]. In this
study, circEEF2 was not involved in apoptosis
but promoted autophagy. ATG5 and ATG7 are
two pivotal molecules that promote autophagy.
miR-6881-3p inhibited autophagy by targeting
ATG5 and ATG7. CircEEF2 directly bound to and
down-regulated miR-6881-3p. Our findings
revealed that circEEF2 regulated ATG5 and
ATG7 by sponging miR-3185.

Epithelial-mesenchymal transition (EMT) has
been illustrated as a key mechanism of metas-
tasis [40]. In a previous study, down-regulation
of Anxa2 inhibited EMT and attenuated the
proliferation and invasion of ovarian cancer
cells [41]. Another study showed that Anxa2
promoted NSCLC cell EMT via increasing the
expression of EMT-driver transcription factor of
snail and further contributed to the invasion by
inhibiting p53 signaling. Knockdown of Anxa2
was found to inhibit cell proliferation [42].
Furthermore, Anxa2 was involved in inducing
cisplatin and vincristine resistance in gastric
cancer cells [43]. Hence, Anxa2 plays a pivotal
role in tumor progression and chemotherapy
resistance. In this study, circEEF2 directly
bound to Anxa2 and regulated its expression.
CircEEF2 affected ovarian cancer progression
by regulating autophagy. Previous studies sug-
gested that Anxa2 regulated autophagy by reg-
ulating the Akt1-mTOR-ULK1/2 signaling path-
way [23]. CircEEF2 directly bound to Anxa2 to
regulate autophagy in EOC. In summary, the
present study demonstrated that circEEF2 was
correlated with the tumor FIGO stage and
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Figure 7. CircEEF2 promoted xenograft tumor growth and mediated metastasis in vivo. A and C-F. After 4 weeks of
tumor cell injection, xenograft tumors of each groups were isolated and photographed. The mean tumor volume
and weight were measured. *represented P < 0.05. B. IHC of ATG5, ATG7, and ANXA2 expressions were analyzed
on xenograft tumors. Original magnification: 200 x, Scale bar: 100 um. G. Silencing circEEF2 suppressed EOC pro-
liferation and invasion in the pelvis, as observed using abdominal the metastasis model. The arrow indicates the
tumor in the abdominal cavity. H. After 5 weeks of intraperitoneal tumor cell injection, the mean tumor weight was
measured. |. A graphic abstract depicting the circEEF2 pathway (CircEEF2, ANXA2, ATG5, ATG7, and miR-6881-3P).

grade. CircEEF2-mediated autophagy facilitat-
ed the proliferation and invasion of EOC.
CircEEF2-silencing combined with CQ further
inhibited the tumor proliferation. Hence,
CircEEF2 may be used as a potential target and
biomarker for ovarian cancer.
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